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Introduction 
Track physics was created in 1965 to characterize 
the width of heavy ion tracks in electron sensitive nu-
clear emulsions exposed to cosmic rays. [1] There the 
radial distribution of dose from delta rays was iden-
tified as the central criterion determining track struc-
ture. A few years later, in 1968, a parallel criterion 
was suggested for the formation of etchable tracks 
in dielectrics. [2] This criterion, of minimal dose at a 
minimal distance, has only recently been examined 
critically and confirmed experimentally [3] as the ba-
sis of “etching rate.” In 1967 the application of track 
concepts to radiobiological data was undertaken, to 
seek for the basis of RBE, the relative biological effec-
tiveness of energetic heavy ions. It was asserted that 
the response of the targets comprising a detector to 
delta rays must be identical to the response of these 
targets to the secondary electrons from gamma rays, 
in the belief that these targets could not distinguish 
the source of the electrons that traversed them. Data 
were found on the inactivation cross sections of dry 
enzymes and viruses by energetic heavy ions. It was 
inferred that exponential survival curves would also 
be obtained from gamma irradiation, as consistent 
with the cumulative Poisson distribution for 1-or-
more-hit systems, and a radial distribution of inacti-
vation probability from the gamma ray response and 
the radial dose distribution was calculated. The radial 
integral of the inactivation probability was taken to 
be the theoretical cross section. [4] This was our first 
venture into the concept of the 1-hit detector, later 
to be improved through a more sophisticated cal-
culation of the radial dose distribution. [5] Here, for 
the first time, a connection was established between 
the response of a detector to gamma rays and its re-
sponse to energetic heavy ions. This was a revolu-
tionary concept, and changed forever the way people 
thought about the response of detectors to HZE par-
ticles. It prompted a series of measurements and cal-
culations of the radial distribution of dose [6],  which 
continue to the present day. Where the words “track 
structure” were virtually unheard before our work, 
these words now permeate all discussions of the ef-
fects of HZE particles. Other concepts through which 
HZE response are discussed, like LET, restricted LET, 
thermal spike, ion explosion spike, associated vol-
ume, track core, track penumbra, Y, and Z distribu-
tions are heard with diminishing frequency. 
The cross section for 1-hit detectors depended 
much more on the X ray response and on the radial 
dose distribution than on the size of the target. z/β 
was found to be a more appropriate descriptor than 
LET because delta ray production dominated the ob-
served response, though in the “thindown” region at 
track end, track properties correlated better with β be-
cause of kinematic restrictions on the energy of delta 
rays. In calculated plots of cross sections against LET, 
the effect of thindown appeared as branched “hooks” 
at highest LET, a prediction which was later fulfilled 
in radiobiology and for several physical detectors. A 
track structure interpretation is demanded whenever 
detector response is multiple valued at the same LET, 
from different ion bombardments, most evident in 
these “hooks.” Such variations have now even been 
observed in experiments in which the properties of 
materials are altered by intense bombardments with 
energetic heavy ions. [7] 
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Abstract
Many condensed matter dosimeters and detectors respond to the perspectives of track physics, a parametric model which relates 
their response to gamma rays to their response to heavy ions through the radial distribution of dose about a heavy ion’s path. 
Most dosimeters are treated as 1-hit detectors, a classification which includes emulsions, scintillators, TLDs, the Fricke dosimeter, 
alanine, and some biological substances: enzymes and Eschericia coli, among others. We have discovered many hit detectors. An 
extended model describes the killing, transformation, and mutation of biological cells after gamma and heavy ion irradiation. A 
detector is treated as a black box, in which the only relevant information is the nature of the incident radiation and the output re-
sponse, although, at times, it is convenient to imagine some simple structure. Because the model is parametric it can be global, ap-
plying to many detectors. Once a set of numerical parameters is extracted from experimental findings, the equations of the model 
predict response to all radiation fields whose photon-particle energy spectrum is known. Finally, parameters of the model serve 
as a test of the validity of mechanistic theories, for these parameters summarize detector response to all ionizing radiations.
65
66 RobeRt Katz in Radiation PRotection dosimetRy 47 (1993) 
Radiation Detectors and Dosimeters 
Emulsion 
The concept of a 1-hit detector, first developed in the 
study of the cross sections for dry enzymes and vi-
ruses, clarified the description of particle tracks in 
electron sensitive emulsion. Now it was possible 
to calculate the radial distribution of developable 
grains. From this, the “grain count” was found—
the number of developed grains per 100 μm, and the 
track opacity as measured in a microdensitometer, as 
a function of the characteristic dose of γ rays, a fitted 
parameter. Much published data [8] yielded to these 
descriptions. A “grain-count regime” was identified 
and a “track width regime,” where tracks appeared 
like a “hairy rope,” for these had different response 
characteristics. For example, the “hooks” could only 
be seen in the “track width regime,” while the “Bragg 
peak” was only approximated in detector response 
in the “grain count regime.” This model of particle 
tracks was applied at Lund for their emulsion based 
cosmic ray studies. [9] To simulate the properties of 
desensitized emulsion, the response to γ rays was as-
sumed to have the form of the cumulative Poisson 
C-or-more-hit distribution. Computer simulations 
of such tracks could be fitted to tracks of Ar ions in 
emulsions which were desensitized in manufac-
ture or were developed in such a way as to discrimi-
nate against small latent image clusters. [10] In these 
materials, single electron tracks were invisible. The 
tracks of heavy ions strongly discriminated against 
low LET particles in favor of high LET particles. Hit-
tedness as high as 8 was achieved. These tracks re-
sembled inferences of particle tracks in a matrix of bi-
ological cells where the RBE was greater than 1. The 
intention of exploring these materials as high LET 
dosimeters was frustrated by technical problems in 
emulsion manufacture. 
Detectors lacking granular structure 
The track structure model is based on the proba-
bility of activation of granular targets. Yet many de-
tectors whose response clearly follows the pattern 
of a 1-hit detector have no overt granular structure. 
Calculational procedures then depend on the de-
sired endpoint. One can simply transfer the gamma 
ray response characteristic to the radial dose distri-
bution to find the radial distribution of effect, the 
“size” of the affected region. Alternatively, in these 
cases one can assume that the interaction of second-
ary electrons with the medium is restricted to dis-
tances through which interaction products or en-
ergy can migrate by diffusion to an appropriate site. 
In NaI(Tl) the site was taken to be the thallous ion. 
[11] The size of the relevant region was based on 
data for response relative to Tl concentration. In the 
Fricke dosimeter the site was taken to be the ferrous 
ion, and OH radicals formed in water were taken to 
diffuse to that site through a limited distance [12], 
a fitting parameter. In some cases a simple “point-
target” calculation of the relative effectiveness was 
made in which one only required a single parame-
ter, the characteristic dose from which a cross sec-
tion could be calculated. The model describes such 
varied dosimeters and processes as lyoluminescence 
[13], alanine [14], F-center formation in  LiF [15], col-
oration of dye-cyanide films [16], and so on. From a 
mechanistic point of view this generality is startling. 
But the unifying issue is that the observed signal is 
created by secondary electrons, and that for 1-hit de-
tectors a single electron transit through a sensitive 
site is adequate to activate it. 
For I-hit detectors the cross section σ is related to 
other measures of radiation response. Thus the num-
ber of activated targets per unit path length is σN, 
where N is the number density of targets, and the G 
value is σN/L, where L is the LET or stopping power. 
The linear density of activated targets is the “grain 
count” in emulsion and is proportional to pulse 
height in a scintillation counter. The G value is mea-
sured in a Fricke dosimeter. The number of activated 
sites in a crystal is proportional to the TLD response. 
In 1-hit detectors all these derive from knowledge of 
the cross section. If we cannot be certain of the num-
ber density of sensitive targets, only relative response 
can be calculated. 
Biological 1-hit detectors 
Single strand breaks in DNA have long been identi-
fied as biological 1-hit detectors. So also is the inac-
tivation of dry enzymes and viruses. These, our first 
1-hit detectors, represent the best agreement between 
theory and experiment known to us in all of radiation 
research. Both single and double strand breaks in SV-
40 DNA in EO buffer have recently been identified as 
1-hit detectors. [18] This is a buffer which promotes 
the “indirect effect.” Several E. coli mutants also act 
as 1-hit detectors. [19] Some interesting questions 
are raised by the differences in the characteristic D37 
doses for these mutants, as well as by their identifica-
tion as l-hit detectors. In biological systems the rela-
tive biological effectiveness is given by the expression 
RBE = σE0/L, where E0 is the characteristic (D37) dose 
at which there is an average of 1 hit per target. 
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Physical and chemical 2 hit detectors 
It is inferred that supralinearity in TLD-100 is due 
to 2-hit trap structures. [20] For a parametric model, 
there is no conceptual difference between 2-hit trap, 
2-hit response, and effects induced by adjacent pairs 
of electrons in “track interactions,” between effects 
induced in the trapping stage or in the heating stage. 
By separating the 1-hit from the 2-hit response of 
TLD-100, it can be shown that the abrupt decline in 
response at high LET, different for different ions, is a 
consequence of “thin-down.” [21]  Two-hit responses 
have been found in radiation chemistry, in the pro-
duction of  H2O radicals in water, and in the produc-
tion of H2 from benzene by energetic heavy ions. [22] 
Extension to Radiobiology 
Biological cells have complex structures. One seeks 
an oversimplified parametric model of minimal com-
plexity, but which is capable of representing and ex-
trapolating the experimental data. One may choose 
to think of a biological cell as somewhat like a “bean 
bag,” in which there are many otherwise unidenti-
fied beans that are 1-hit targets within the nucleus of 
a cell, and that “m” of these must be activated to ini-
tiate the series of events leading to the expressed end-
point. For guidance in constructing the model, one 
calculates the cross section for a bean cluster whose 
response of the detector to gamma rays is taken to 
have the form of the m-target, 1-hit per target model 
of radiobiological target theory. As in all theoretical 
models, one makes an inductive leap—asserting that 
the observed cross section for cellular inactivation fol-
lows the form of the calculated response of our bean 
cluster, but has the size of the nucleus, because ions 
passing anywhere through the nucleus have the pos-
sibility of intersecting m targets. One must therefore 
introduce a fourth parameter to the three previously 
used for physical detectors, namely one representing 
the size of the bean bag, as well as one representing 
the size of the bean. This results in a four parameter 
model for radiobiological effects, in which the param-
eters—labeled m, κ, σ0, and E0—are fitted to radiobi-
ological data obtained with gamma rays and a series 
of bombardments with heavy ions through the re-
sponse equations of the model. These equations have 
been given elsewhere [23] and will not be repeated 
here. Two new concepts, “ion-kill” and “gamma kill,” 
are introduced, representing “intra-track” and “in-
ter-track” interactions: ion-kill results from the inter-
action of cells with single ions, while gamma-kill re-
sults from interaction by cumulative damage from 
several ions, as it were in the gaps between inacti-
vated cells along the ion’s path. In the transition from 
low to high LET bombardments, there is a transition 
from gamma-kill with shouldered survival curves to 
ion-kill with exponential survival curves. The RBE for 
these cells attains a maximum value when about half 
the intersected cells are inactivated. Once the param-
eters of a particular cellular response have been eval-
uated, the response of a cell to an arbitrary radiation 
field may be calculated from track segment bombard-
ments, provided only that the full photon-particle-
energy spectrum of the field is known. This has been 
demonstrated for heavy ion beams and for 14 MeV 
neutrons, and is currently being applied to space ra-
diation effects. Cellular radiosensitivity parameters 
have been evaluated for cell killing for a variety of 
cells in vitro, for mutations and transformations in vi-
tro, and even for lethal mutations in one organism, 
the nematode Caenorhabdifis elegans. For calculations 
in complex radiation environments there is now a 
reasonably good model of heavy ion penetration and 
fragmentation. [24] 
There remain some problems with our biologi-
cal model. Not all biological data fall into place, yet 
this is the most successful parametric model that has 
yet emerged. This model does not yet include bio-
logical repair, and there is controversy regarding the 
use of an m-target representation for extrapolation of 
gamma ray response to the lowest doses. Efforts are 
being made to resolve these questions. 
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